Food mycotoxin deoxynivalenol (vomitoxin, DON) produced by Fusarium graminearum and F. culmorum can induce rapid diminution of lymphoid tissues and lymphopenia in the growing chickens and mammals. We first investigated the direct acute effects of DON on the chick immune-related embryo tissues such as embryonic liver and spleen. Direct DON administration into the embryonic eggs caused toxin accumulation in liver in a time-dependent manner. Electron microscopic observation showed a notable accumulation of fat droplet in the liver tissue and the re-exposed hatched chicken showed more distinguishing enlarged fat globules, so-called fatty cysts like human steatosis. Regarding effects of deoxynivalenol on the chick embryonic spleen, fatty change was also observed in splenocytes. Functionally, mitogen-stimulated cellular and humoral lympho-proliferations were suppressed in the DON-treated embryo. Conclusively, acute direct exposure to deoxynivalenol in the chick embryo caused toxic histological alterations in the liver and spleen and suppressed in vitro lymphoblastogenesis.
The trichothecene mycotoxins are a group of sesquiterpenoid fungal metabolites that include some of the most potent eukaryotic protein synthesis inhibitors known. 1) Interest in the trichothecene mycotoxins arises from their widespread contamination of agricultural commodities, their recalcitrance to degradation during milling or processing and their adverse effects on human and animal health. [2] [3] [4] Deoxynivalenol (DON, also known as vomitoxin, VT), a trichothecene mycotoxin produced by Fusarium graminearum and F. culmorum is frequently found in grain-based agricultural products, particularly in wheat and barley. 2, 4) DON is capable of producing a variety of mycotoxicoses in animals and human. Acute exposure to high doses of DON induces radiomimetic effects that include diarrhea, vomiting, leukocytosis, gastrointestinal hemorrhage, circulatory shock, reduced cardiac output, and ultimately death. Chronic exposure to DON can result in anorexia, reduced weight gain, altered nutritional efficiency, and immunotoxicity. 5, 6) The toxicity in the developing embryo by deoxynivalenol has been frequently reported in several experimental animal models. [7] [8] [9] [10] [11] [12] [13] Toxic effects by DON seem to vary with species, dose, route of exposure, gender, and ages of each animal models, but the main developmental effects appear to be significant resorption of mouse embryos, skeletal malformations and complete resorption of fetuses were observed with increasing doses of DON which reduced live fetus number per dam. 14, 15) Moreover, the developmental hematopoietic progenitors have been well documented for their susceptibility to DON. B lymphocyte precursor cells, CD34ϩ progenitor cells, megakaryocytic progenitors and granulomonocytic progenitors are highly responsive to this toxin and are supposed to undergo apoptotic cell death as a result from ribotoxic stress responses. [16] [17] [18] [19] Apoptosis and morphological transformation were observed in the developing mouse embryo as well. Most commonly observed effect of DON during in utero exposure is the fetal skeletal abnormality. 14) In utero exposure also could preclude the chance of any immunoteratological manifestations associated with changes in the systemic immunity. 11) Toxicity in the embryonic hematopoietic development has been extensively investigated using the avian embryonic eggs. B lymphocytes are primarily produced in the avian embryonic liver, yolk sac and bone marrow. These cells move to the bursa of Fabricius after 15 d incubation through 10 weeks of age where cells are programmed to move the circulation like blood and spleen. The spleen is an important site for antibody production, but in birds, unlike mammals, it does not serve as a reservoir for red blood cells. The following study was aimed to address the embryotoxic effect after the acute direct exposure to DON using the chick embryos and conclusively we found their histological toxic alterations in immune-associated organs such as embryonic liver and spleen and severe suppression of lympho-proliferation.
MATERIALS AND METHODS
Purification of Deoxynivalenol DON used in this study was produced in Fusarium graminearum cultures and purified by the water-saturated silica gel chromatography method. 20, 21) Purity of DON was verified by a single HPLC peak occurring at 214 nm. The purity of DON from rice culture was more than 98%. Handling with the concentrated toxin solutions were performed in a fume hood.
Experimental Design Twelve day eggs from the fertile white Leghorn hens were exposed to deoxynivalenol through the small volume precision delivery to young avian embryos. 22) In brief, egg shell was location-positioned and punctured. Each dose of deoxynivalenol in 10 ml corn oil was injected into each yolk with microsyringe and closed with paraffin. For the acute exposure experiment, egg embryonic organs were analyzed at 24, 36 and 48 h after DON injection. For the extended exposure, each egg was allowed to develop in the artificial incubator (for 21 d of total incubation) and young chickens after hatching out were gavaged with DON.
Toxic Alterations in Chick Embryonic Liver and Spleen by Acute Exposure to Fusarium-Producing Mycotoxin Deoxynivalenol
Each organ was separated and analyzed for its structure change and cellular proliferation.
Preparation of Monoclonal Antibodies Monoclonal antibodies to DON were produced in our laboratory by the standard procedure using DON-BSA as immunogen. DON-BSA (200 mg) in 0.2 ml sterilized PBS was emulsified with an equal volume of Freund's complete adjuvant and given as two intraperitoneal injections, at two-week intervals, to each of several 7-week-old female BALB/c mice. Ten days later serum was collected from the caudal vein of each mouse and titres of antisera were determined by indirect ELISA. Three days before cell fusion the mice, which produced antisera with high titres, were given another intraperitoneal boost injection without the adjuvant. Suspensions of 3.5ϫ10 8 7 in PBS) were intraperitoneally injected into BALB/c mice, pre-treated with intraperitoneal injection of 1 ml pristane, and grown as ascite tumours. The immunoglobulin fraction was prepared from the ascitic fluids by precipitation with saturated ammonium sulfate.
Detection of Deoxynivalenol Using Immunohistochemistry Twelve day eggs were injected with vehicle (corn oil), or 2 mg DON/g (egg weight). After 24, 36 and 48 h treatment, the embryonic livers were isolated aseptically and fixed in 4% neutral buffered paraformaldehyde (0.1 M, pH 7.4) for 3 h. Fixed tissue was embedded in paraffine using a TissueTek VIP (Miles Scientific) embedding machine, and 3-mm slices were cut on microtome. Slices were deparaffinized in xylol exchange medium XEM-200 (Vogel) and rehydrated by consecutive washes in 96, 70, and 50% ethanol and pure water. Endogenous peroxidase was blocked by incubating the slices in 3% H 2 O 2 for 5 min. Unspecific binding of antibodies was inhibited by blocking with a solution of 1% milk powder and 3% total goat serum in PBS for 1 h at room temperature. Monoclonal antibody against deoxynivaenol was applied at a dilution of 1 : 200 in PBS for 1 h. After three washes in PBS, the following incubations were performed at room temperature: goat anti-mouse biotinylated IgG (Vector Lab) diluted 1 : 200 in blocking solution for 1 h, five washes with PBS, peroxidase-labeled avidin (Sigma; 1 : 200 in 1% milk in PBS) for 1 h, and three final washes with PBS. For the color reaction, slices were incubated in 0.1 M sodium acetate (pH 5.1) containing 150 ml of 30% H 2 O 2 and 20 mg of 3-amino 9-ethylcarbazole/100 ml of buffer. The staining process was followed under the microscope and stopped by immersing the slides in water. Results were observed on Olympus BH-1 microscope. Methyl green was used for the counter-staining. Anti-DON immunostaining was quantified by optical density (OD) measurements using a Kontron Imaging System KS300 connected to light microscope. Optical densities of control sections were subtracted and the results were expressed as meanϮS.E.M. Data were analyzed with one-way ANOVA followed by the Student-Newman-Keuls test (pϽ0.05). The corresponding areas of an image captured was 0.121 mm 2 using a measurement graticule, and the data presented are per unit area.
Electron Microscopy Twelve day eggs were injected with vehicle (corn oil), or 2 mg DON/g (egg weight). Egg embryonic organs were analyzed at 24, 36 and 48 h after DON injection. For the extended exposure, each egg was allowed to develop in the artificial incubator and young chick's organs were tested after hatching out and the second exposure with 3 mg DON/g (newborn chick weight). Samples were fixed with 2% glutaraldehyde for 20 min. After fixation, the tissues were washed in cacodylate buffer, postfixed in 1% osmium tetroxide, dehydrated in graded series of ethanol, and embedded in Epon. During embedding, the tissue blocks were oriented longitudinally. Embedded tissue blocks were sectioned with an LKB ultramicrotome. Thin sections showing pale gold interference color were stained with uranyl acetate and lead citrate and examined with a Hitachi 600 electron microscope.
Lymphocyte Proliferation Assay Twelve day eggs were injected with vehicle (corn oil), 1 or 5 mg DON/g (egg weight). After 24, 36 and 48 h treatment, the embryonic spleens were isolated aseptically, pooled and homogenized in a glass homogenizer with RPMI-1640 supplemented with 10% fetal calf serum, 2 mM L-glutamine, 1% sodium pyruvate, 5ϫ10
Ϫ5 M 2-mercaptoethanol, 1% nonessential amino acid and penicillin (100 U/ml)/streptomycin (100 mg/ml). Splenocyte cultures were prepared and maintained according to a modified procedure from the established chicken lymphoid cell proliferation assay. 23) Briefly, cell suspensions were filtered through nylon meshes to remove tissue debris and washed three times with supplemented MEM. Cells were counted in a hemocytometer and their viability was estimated using the trypan blue exclusion test. Statistical Analyses Data were analyzed using SigmaStat for Windows (Jandel Scientific, San Rafael, CA, U.S.A.). For comparison of two groups of data, Student's t test was performed. For comparison of multiple groups, data were subjected to ANOVA and pairwise comparisons made by the Student-Newman-Keuls (SNK) method.
RESULTS AND DISCUSSION

Detection of Tissue DON Using Immunohistochemistry
The embryonic liver plays central role of drug metabolism and immune-related responses in the developing chick. At first, to address the acute deposition of deoxynivalenol, chick embryo was exposed to DON and analyzed for the toxin dep-osition. After 12, 24, 36 and 48 h treatment, DON began to accumulate in the embryonic liver. Since the liver is the first exposed organ after the absorption from the gastrointestinal tracts, we analyzed liver tissues of early time (Ͻ12 h) exposure, which did not show any deposition of DON in the embryonic liver (data not shown). DON was detectable from 12 h after exposure and accumulated from the vessels in a time-dependent manner (Fig. 1A) . Therefore, the exposure assessment in the following experiments was observed after 12 h exposure. Monitoring using the murine model demonstrated that accumulation of DON was relatively transient and the toxin levels shut down as early as 2-4 h even in the highly detected tissues such as liver and kidney. 24) In the chick embryonic model, DON continued to accumulate even with 48 h treatment (Figs. 1B, C) and thus the chances of deposition and toxicity in the chick embryo are supposed to be higher due to the resistant stay in the tissue in the isolated egg sac environment. However, treatment dose spectrum in this study was set to investigate the mechanistic effects of direct acute exposure to deoxynivalenol in the isolated embryonic environment rather than to seek the practical exposure assessment in the farm levels.
Histological Observation Using the Electron Microscopy
To assess the tissue effects of DON on the embryonic liver from twelve day eggs which were injected with DON, embryonic organs were analyzed at 24, 36 and 48 h after DON injection. The embryonic weight has not changed significantly during the treatment (24-48 h). The embryonic weight and organ mass was provided in Table 1 . As exposure time goes, cytosolic fatty change in the liver was observed and size of fat vacuole (fat droplet, FD) has increased ( Figs.  2A-C) . To check the effect of the second DON exposure after hatching-out, each egg was allowed to develop in the artificial incubator and young new borne chicken were exposed to DON again and their organs were tested. Histologically, the immune-modulating organs such as liver and spleen had serious accumulation of fat vacuoles like human steatosis ( Figs. 2D-F) . At 48 h after the second DON exposure, the fat vacuoles had enlarged and the enclosed fat globules coalesce and produced so-called fatty cysts (Fig. 2F) . Taken all, exposure to DON in the isolated chick embryo produced fatty vacuole lesions in the embryonic livers as time goes, which was more obvious after extended incubation.
Effects of DON Treatment on the Embryonic Splenic Lymphoproliferation
Toxic effects from the global protein synthesis inhibition are much severe in the rapidly dividing tissues such as the hematopoietic and immune-related organs. 5 ) DON induced splenic atrophy in the chick embryo exposure model and also caused the cellular fatty deposition in the embryonic spleen (Fig. 3A) . Generally, splenic atrophy is frequently associated with the reduced avian immune response and the fat droplets or abnormal mitochondria were also easily detected in the disturbed spleen lymphoblast. 25) When functionally checked, in vitro lymphoproliferation was modulated by DON treatment. After DON exposure, the isolated embryonic splenocytes were activated with mitogens such as concanavalin A (Con A) for cellular immunity or lipopolysaccharide (LPS) for humoral immunity. Mitogenmediated cellular proliferation measured by thymidine uptake was dose-and time-dependently reduced in deoxynivalenol-treated groups (Figs. 3B, C) . Taken together, the acute direct exposure to DON caused significant immunological down-regulation in the chick embryonic spleens in addition to the toxic histological changes in the developing livers.
Direct embryonic exposure to trichothecene mycotoxin deoxynivalenol caused the liver accumulation and histological changes such as fatty body in the cytosolic region. The mechanism associated with deoxynivalenol-induced fatty vacuoles can be speculated from the previous investigations. The most prominent features in the hepatocytes in the DON-exposed experimental models were proliferation of smooth endoplasmic reticulum (ER), loss of ribosomes from the rough endoplasmic reticulum, and increase of fatty vacuoles.
26) The fatty droplet originates from high level of triglyceride accumulation which is caused by the defect in any steps from the synthesis to the release of triglyceride conjugated with apoprotein. Malnutrition and liver damage by hepatoxic chemicals are known to decrease the synthesis of apoprotein and thus result in fat accumulation in the liver. 27, 28) Since the Fusarium toxin deoxynivalenol is known to be a potent protein synthesis inhibitor according to the research in vitro and in vivo systems, it especially reduces proteins of the peripheral lymphocytes and serum protein secretion from the hepatocytes. 29, 30) Moreover, reduced feed uptake with feed refusal as the adverse effect of DON can aggravate the protein synthesis efficiency. Therefore, translationally-disrupted apoprotein metabolism can retard the release of triglyceride lipoprotein into the circulation and result in fat accumulation as droplets in the liver cells. Additionally, it is also warranted to investigate whether de-granulated endoplasmic reticulum and its structural collapse by DON treatment also can be associated with the fatty changes in the hepatocytes since trichothecene mycotoxins cause lipid peroxidation with mitochondrial and ER damages.
In our results, the fatty changes and reduced functionality were observed in the splenocytes from the DON-treated embryo. Toxin-mediated accumulation of the fat droplets or abnormal mitochondria has been known to be frequently associated with the reduced avian immune response and the defected spleen lymphoblast. 25) Generally, DON-mediated immune suppression are due to lymphocyte cytotoxicity after acute and high dose exposure. 5) Similar patterns shown in the chick embryonic spleen was also observed in the human immune systems. 31 ) DON had a great inhibitory effect on the mitogen-induced human lymphocyte blastogenesis, compared with other Fusarium mycotoxins. The sensitivity to DON-mediated cytotoxicity depends on various factors such as cell type, sepcies and chemical environment. For instance, endotoxin is known to exacerbate DON-induced lymphocyte apoptosis in mice. 32) In addition to the cytotoxic immune suppression, direct global metabolic suppression by the translational inhibition can contribute to the reduced mitogenic proliferation as well. Moreover, deleterious load from the injured hepatocytes can be transferred to the spleens since these two organs are closely connected in the functional circualtion.
In terms of exposure assessment performed in the previously reported studies, the dose range in our study was very high and seems far from the practical estimated doses after feeding and in utero transmission of deoxynivalenol in the animal. [33] [34] [35] Recently, Valenta et al. demonstrated that the DON concentration in eggs were lower than 2.5 ng/g and 1 ng/g egg yolk and albumen, respectively after the hens were fed with a diet containing approximately 11.9 mg DON/kg diet. 34) Moreover, considering the FDA guideline level of 5 mg/kg of complete chick diet, our treatment regime was thus based on the different purpose. That was the investigative trial to detect the ultimate obvious events of the histological and functional outcome in the isolated embryonic environment and its newborn by the direct high dose toxin treatment. Taken all together, mechanistically, the acute direct exposure to DON caused significant immunological down-regulation and their histological toxic alterations such as fatty changes in chick embryonic hematopoietic liver and spleen, which supports a first evidence for in utero immunotoxic alteration in the chick embryo model and can be extendedly studies in hens fed with the highly contaminated diet with practical doses of DON in the future.
